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pletion of natural stratospheric ozone.     Since the ^ratospheric 
ozone layer shields the biosphere J^mhai^ul ultraviolet (UV) 
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DOtenSally significant biological effect  of  increased UV  radi- 
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ozone depletion, ?adiation wavelength, and solar zenith angle. 

DD .'^..1473 
11 

UNCLASSIFTED 



UNCLASSIFIED 
Stcufily 6uii«i(icili< 

« f  «IOIIOI 

solar ultraviolet radiation on 
surface of Earth 

atmospheric ozone depletion effect 
on solar UV radiation 

erythemal dose from solar UV radi- 
ation 

A 

i 

UNCLASSIFIED 
• cutii» ClaitllKdie» 



I 

CONTENTS 

I. Introduction 

II, Ozone Distribution 

III. Ozone Ultraviolet Absorption 

IV. Solar Ultraviolet Irradiance 

V.  Solar Ultraviolet Radiation Incident 
on the Surface of the Earth 

VI.  Increase in Ultraviolet Radiation 

VII.  Increase in Crythemal Dose 

VIII. Conclusions 

References 

Appendix—Effect of Injection of NO , 
on Ozone Concentration 

1 

2 

9 

11 

13 

23 

31 

34 

36 

38 

iii 



I.  INTRODUCTION 

Recent theoretical research scudies (e.g., Ref. 1) have indica- 

ted that the NOx molecules that would be injected into the Earth's 

stratosphere by a hypothetical fleet of supersonic transport (SST) 

aircraft could result in a significant depletion of stratospheric 

ozone (Appendix). The highly absorbing ozone layer shields the 

biosphere from harmful solar ultraviolet (UV) radiation, and there- 

fore there is legitimate concern about the biological effects of the 

Increased UV radiation that would assuredly follow a reduction in 

the present amount of natural ozone. This paper does not attempt 

to independently assess the percentage of ozone depletion that may 

be expected but does estimate the ractor of increase in UV radiation 

as a function of percentage ozone depletion and wavelength. 

To determine the biological effect of Increased UV radiation, 

it Is necessary to know the action spectrum, i.e., the relative 

response of a biological specimen to UV radiation as a function of 

wavelength. The spectrum of erythemal or sunburn-producing action 

of UV radiation for Caucasian skin is well documented (Ref. 2), and 

hence it is used as an example in which the increase in erythemal 

nose to be expected is calculated. With this type of data as an 

input, it may be possible to obtain an estimate of the increase in 

the incidence of skin cancer that could be expected to result from 

a specified percentage reduction in the amount of stratospheric 

ozone. 

jtmm 



II.  OZONE DISTRIBUTION 

The amount of ozone in a column of air increases significantly 

with latitude and also varies somewhat with longitude. At the higher 

latitudes, season of the year is an Important factor. Over the 

Northern Hemisphere, the amount of total ozone is maximum in the 

spring and minimum in the fall, as can be seen in Figs. 1 and 2 

(Ref. 3). The average values indicated on the contours should be 

multiplied by l^'' to obtain values in atm-cm, which is the height 

of the resulting volume of ozone if all the ozone in the column of 

unit a"t'a were brought to normal surface pressure and temperature. 

Thus, in the middle of the USA, average total ozone increases from 

0.28 atm-cm In the fall to 0.35 atm-rm in the spring, with smaller 

seasonal increases nearer the equator and larger seasonal increases 

nearer the North Pole. Higher latitudes receive much loss solar UV 

radiation than the equator, because not only is the amount of total 

ozone greater but also the solar zenith angle 9 is greater, whirh in 

effect increases the total ozone by sec 9. 

There are daily fluctuations in the amount of tital ozo;>e, as 

^an be se^n from 1963 ozone measurements listed in Table 1 (Ref. 4). 

Daily fluctuations of as much as 20%  in total ozone do not appear 

uncommon in spring, for example, in Colorado or Massachusetts. Daily 

UV radiation fluctuations at the surface of the Earth will be much 

larger, because ozone UV absorption is nonlinear with amount of ozone 

(Section VI), and in geaeral the amount of cloud cover changes from 

day to day. 

Monthly and annual variations in UV radiation are probably more 

significant with respect to biological effects. In Fig. 3, measure- 

ment? at the Hamburg Meteorological Observatory (Ref. 5) indicate that 



FIGURE 1.   Average Distribution of Total Ozone over the Northern Hemisphere 
in the Spring.   (To convert contour values to atm-cm, multiply by 
10-3.)   (Source:   (Ref. 3.) 
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FIGURE 2.   Average Distribution of Total Ozone over the Northern Hemisphere 
In the Fall.   (To convert contour values to atm-cm, multiply by 
10-3.)   (Source:   Ref. 3.) 
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the maximum monthly mean of UV-B (260-315  nm)  occurred in the month 

of July for 1955,   1956,  and 1958,  and  in the month of June  for 1957 

and 1959.    The July maximum of 1955 was  50% higher than the  July 

maximum of 1958.     Total UV-B radiation at Hamburg for the year 1955 

was  approximately  32% greater than for 1958. 

FIGURE 3.   Annual Variation of UV-B 
(280-315 nm) Global Solar 
Radiation; Monthly Means 
at Hamburg, Germany, 
1955-1959.  (Source: Ref. 5.) 

1955     1956     1957     1958     1959 

In Table  2,  measured monthly means of total atmospheric ozone 

for the period 1925-1959 are tabulated  (Ref.   6).     From the data,  it 

appears that the  2% difference in total ozone  for July between 1955 

and 1958 was not  likely to have been the main reason for the Hamburg 

UV radiation differences  in those years,   but rather the variations 

in the amount of  cloud  cover.    However,   it  is  interesting to note 

that natural annual variations of 20% and greater in monthly means 

of total ozone have been recorded.    In Ref.  6 it is suggested that 

total atmospheric  ozone,  through some unknown mechanism,  is corre- 

lated with the sunspot cycle. 

Ozone density over North America  for March-April is shown in 

Fig.  4 (Ref.  3).    Clearly,  the distribution of ozone in altitude 

as well as the total amount of ozone varies with latitude.    Thus, 

the density peaks  at  24 km to 40C fig m'"   at  12    N.  latitude but 

peaks at 15 km to  700 [ig m"3 at 67° N. latitude.    The altitude 

distribution of ozone is of significance in  the calculation of 

scattered or diffuse sky UV radiation (Ref. 7). 
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FIGURE 4.   Average Ozone Density over the North American Continent 
Derived from Ozonesonde Network Data, March-April 1963. 
(Contour values are in ^Ig m"3.)   (Source:    Ref. 3.) 

From the above discussion it may be concluded that natural forces 

induce sizable variations in the ozone layer over both shore and long 
time periods.    While some cemfort can be derived  from the fact that 
no adverse biological effects are known to have been attributable to 
these natural variations, it is important to recognize that any un- 
natural (i.e., man-made) depletion of stratospheric ozone would be 

a unidirectional variation, not a cyclical one.    Thus, all daily, 
monthly and annual means of natural UV radiation would be increased 
by such an ozone depletion with the distinct poasiblility of attendant 

adverse biological effects. 
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III. OZONE ULTRAVIOLET ABSORPTION 

If x is the amount ot  total ozone in atro-cm to be traversed by 

a beam of incident UV radiation of wavelength X and intensity IQCX), 

the residual intensity I(Xt x) in the beam lo given by 

I(X, x) = I0(X) e'^^, (I) 

k-l whp-e A(X) is the ozone absorption coefficient in (atm-cm)  STP, 

which varies strongly with X, as shown in Fig. 5 (Refs. 3, 8, 9). 

In the wavelength region of most concern from a biological impact 

standpoint, 280 nm < X < 320 nm, the linear behavior of A on a semi- 

log plot permits one to express A as an exponential function of X, 

i.e., 

A(X) = k1 e 
-k2X 

(2) 

where k. and k> are constants. 

Substituting Eq.  2 in Eq. 1, one obtains 

I(X. x) = I0(X) e 
-k.xe 

-k2X 

(3) 

(280 rw < X < 320 nm) 

which explains the extremely sharp cutoff that the ozone layer pro- 

vides in shielding the surface of the Earth from biologically harmful 

UV radiation of wavelengths less than ~ 300 nm. For this reason, 

solar UV radiation below 300 m  is extremely difficult to measure on 

*mm 



the surface of the Earth. At Davos, Switzerland, .jt ^n elevation of 

1590 ra, UV radiation at 297.5 m  has been measured (Ref. 10), but 

any attempt to obtain spectral measurements much below that wave- 

length would quickly encounter severe instrumentation problems. 

, 

FIGURES.   Ozon« Ab»ofp»lonCoef«cltni.   (Source:   Ref». 3,8,9.) 
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IV.  SOLAR ULTRAVIOLET IRRADIANCE 

Only 2.» of the solar constant is associated with UV wavelengths 

below 320 rw and only IX  with UV wavelengths below 300 rw, but this 

energy, in combination with the protective atmospheric blanket, has 

had a major impact on the evolution of life on Earth. It has been 

demonstrated that ultraviolet radiation affects DNA, RNA, and pro- 

tein synthesis (Refs. 11 and 12). In Fig. 6 the solar spectral 

irradiance H^ is plotted as a function of X for zero air mass (i.e., 

outside the Earth's atmosphere), as obtained from tabular Information 

in Ref. 13. Values above 300 nm were measured by the National Aero- 

nautics and Space Administration (NASA) from a rese.rch airplane 

flying at 39,000 ft. Data from Ref. 14 were used iIT  the range from 

260 to 300 nm, and rocket data of the Naval Resear h Laboratory 

(R«f. 15) were used for wavelengths below 260 nm. The absolute 

accuracy of this NASA solar spectral irradiance curve appears better 

than 10% on the basis of NASA comparisons with data collected by 

previous investigators; such accuracy is more than adequate for the 

purposes of this paper. 

11 



250    260    270    280    290    300 3 0    "      320 330 340 

FIGURE 6.   Solar Spectral Irradiance for Zero Air Mass in the Ultraviolet. 
(NASA proposed standard curve, from Ref. 13.) 
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V.     SOLAR ULTRAVIOLET RADIATION IMCIDENT 
ON THE SURFACE OP THF EARTH 

There are two components of the solar UV radiation that is in- 

cident on the surface of the Earth: 

1, The direct solar radiation subtending the sun and attenuated 

by atmospheric scattering and absorption, and 

2. Scattered or diffuse sky radiation emitted by the dtmosphere 

itself and subtending some 2n steradians in open spaces. 

The calculation of the direct solar radiation is a relatively 

straightforward pioblem,  but the calculation of the scattered radia- 

tion  fluxes due to all orders of scattering in the ozone absorption 

bands was not mathematically solved until 1966,  by Dave and Furukawa 

(Ref. 7). 

The direct solar radiation flux on a surface normal to the in- 

cident direction, assuming a flat-Earth approximation,v' is given by 

XU, x,   6) = In(X) e 
-AU) x sec  6 -  T (X) sec  6 

(4) 

where T is the Rayleigh scattering optical thickness. There is yet 

another attenuation due to aerosol scattering, but this was not in- 

rluded in the calculations which were made in Ref. 7 and which will 

be used in tnis paper. For a model clear standard atmosphere, a 

zenith angle 6 of 60°, and a wavelength of MO nm, the aerosol trans- 

mission coefficient would be e-0'52 or 0.60 (Ref. 3). Obviously, in 

locales with a smog-laden atmosphere, direct solar UV radiation will 

be more attenuated; on the other hand, diffuse sky radiation will be 

increased. 

?? ~ o 
Very good approximation for  9 < 75   . 
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The direct and scattered solar radiation fluxes on a horizontal 

surface for n units per unit area normal to the incident direc-Hon 
are tabulated in Ref. 7 as  functions of wavelength,   solar elevation, 
and pressure level.    A single distribution of o^one with a total 
amount of 0.34i atm-cm of ozone (Fig.  7) was used in the computer 

program.    Five values of solar zenith angle 6 (0 ,   30 ,  60  ,  75  , 
and S'J

0
), 16 wavelengths (5 nm apart in the 287.5- to 322.5-nm 

region), and 20 pressurt   levels wer2 selected.    The only pressure 
level discussed here i:  :000 mb (i.e., sea level). 

*  ioh 

100 *- 

1000 
io • 

Totoi Oion«   341 m olm-cm 

10 10 

Oion« (cm/km) 

FIGURE 7.   The Vertical Disfribution of Ozone Used in the Model 
Atmosphere of Ref. 7. 
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By multiplying the tabulated flux values in Ref. 7 by the solar 

irradlance values from Fig. 6 and dividing by "t rigs. 8-11 were 

obtained for direct solar UV irradiance and scattered UV irrodiance 

(and their sum) on a sea-level horizontal surface for 0.341 atm-c«n of 

total ozone and zenith angles of 0°,   iO , 60°, and 75°, respectively. 

Note that,  for zenith angles of  30° and below, the dirc-ft  solar irra- 

diance exceed: the scattered, and that from about 50° upwards the 

scattered irradlance is predominant.    As expected from the behavior 

of the ozone absorption coefficient, the .rradlame falls off pre- 

cipitously below 500 nm, necessitating a second logarithmic ordinate 

scale on the left for these lower wavelengths.    Also to be noted is 

the sharp decrease in irradiance for solar zenith angles greater than 

60°. 

The zenith-angle dependence of UV irradiance translates into 

a time dependence at any Id ale with a noon peak whose nagnitude 

depends on latitude and time of year.    The variation of global 

(direct solar plus scattered) UV irradiftion with time of day, 

latitude, and season Is Illustrated in Fig. 12 (Ref. 5) for \ - 

307.5 nm, the wavelength at which the erythema 1 dose curve peaks 

(Section VI and Fig.  14).    The curves of Fig. 12 are Instructive in 

describing the variations of worldwide solar UV irradiation at 

307,5 nm, but their accuracy is open to questior, inasmurh as they are 

not based on the Dave-Furukawa  formulas for the determination of 

scattered radiation. 

Assuming cloudless days,  Table  3 shows the monthly sums of UV 

radiation at 307.5 nm as computed in Pef. S  for ear    month of the 

year  for ill latitudes  in 10° Increments.    The influence of clouds 

on UV-B global solar radiation,  according to Büttner CPef. 16),  is 

shown in Fig. 13.    The results of Table 3 r-an be considered only 

approximate, since,  among other things, there is no longitudinal 

variation, which Figs.  1 and  2 Indicate there must be. 

15 



FIGURE 8.   Dlrtc» Solor UV Irrodioncc ond Scat»«r«d UV Irradianc« 
on a Horizontal Surfoc« of Sea level for Solor Zenith 
Angle 9of .^ and 0.341 otm-cm of Totol Ozone. 
(Data Source:  Ref. 7.) 
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FIGURE 9.   Direct Solar UV Irrodianc« and Scattered UV Irradiance 
an a Horizontal Surface at Sea Level for Solar Zenith 
Angle 6of 30° and 0.341 atm-cm of Total Ozone.   (Data 
Source:   Rtf. 7.) 
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FIGURE 10.   Direct Solar UV Irradiance and Scattered UV Irradiance 
on a Horizontal Surface at Sea Level for Solar Zenith 
Angle 9of 60° and 0.341 atm-cm of Total Ozone.   (Data 
Source;   Ref. 7.) 

18 



X,  nm 

FIGURE 11 .   Direct Solar UV Irradlance and Scattered UV Irradiance 
on a Horizontal Surface at Sea Level for Solar Zenith 
Angle 6of 75° and 0.341 atm-cm of Total Ozone.   (Data 

Source:   Ref. 7.) 
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Equator 22 XU 30* 
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FIGURE 12.   Intensity of UV Global Solar Radiation 
(X- 307.5 nm) for Different Latitudes 
and Seasons, by Time of Day.   (Source: 
Ref. 5.) 

For the horizontal incident surface assumed in Figs. 8-12 and 

Table 3 no contribution is included from ground reflections. The 

importance of such effects is strikingly illustrated by Fig. 14 

(Ref. 5), wherein the UV-B radiation at Davos in winter was found 

to exceed that in summer as a result of snow reflections from the 

surrounding mountains. A person standing on a beach receives re- 

flected radiation from water and sand, a city dweller from nearby 

buildings, etc. Clearly, the actual incident UV radiation is not 

only a function of sun and atmosphere but of complex topographical 

parameters as well. 
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TABLE 3.  MONTHLY SUMS OF UV RADIATION AT 307 5 
CX « 10 1), ASSUMING CLOUDLESS DAYS 
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Source:   Computed in Ref. 5 from values meo>ured by Bener at Dovos, Switzerland. 
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FIGURE 13.   Relative Intensity of UV-B Global 
Solar Radiation Dependent on 
Cloudiness.   (Source:   Refs. 5,16.) 

21 



100 

UV-B 

Oovo»      ^ ^ 

-o» 

Oovot 

mltr 

■fc Summer 

Global  solo'  rodiulion 

20 

i» 

?70   380     ?90      SOO    510       MO      J50     540     WO      »60     J70      5»0     S*)      400 
A/ovelenqlh      nm 

FIGURE 14.   Curves of Erythemal Efficiency according fa Commission 
Internatiorule de TEclairage (CIE) (dotted line), UV 
Global Solar Radiation Measured in Davos by Bener 
(dashed lines), and their Product (Davos ^CIE) (solid 
line).   (Source:   Ref. 5.) 

The fact that a person is three-dimensional introduces yet another 

order of complexity to any calculation of the absolute UV dose that 

he receives, inasmuch as every part of his body receives a different 

dose which depends not only on orientation with respect to the sun 

at some instant of time but also on the motion history of the part 

and its protective covering or lack thereof, the amount of exposure 

to the sun, etc. Fortunately, all of these complicating factors, 

which, of course, would vary from person to person, are not present 

in determining the factor increase in the average UV radiation a 

person would receive (Section VI) due to a specified percentage 

decrease in the amount of ozone, assuming his exposure habits remain 

unchanged. 
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VI.  IMCREASE IN ULTOAVIOLET RADIATION 

Let the direct solar UV radiation flux, as represented by Eq. 4, 

be reduced to a level I(X, x't 6) because of a decrease in the 

amount of ozone from x to x'. Then 

KX, x', 9) * I0(X) e 
-Ä(0 x' sec 9 - T (>) sec 6 

(5) 

the Rayleigh scattering optical thickness 1 (>.) will remain 

virtually unchanged, since ozone l", a very minor constituent of the 

atmosphere and nearly all of the Rayleigh scattering In the beam 

occurs in the dense troposphere below the ozone layer (Ref. 3). 

For a decrease In atmospheric ozone, the factor increase In UV 

radiation flux Is given by the flux ratio 

ILL *'• ?> - e-A(x/ - x> sec e 
KX, x, 6)   e 

= e 
Ax(l - £-) sec 6 

(6) 
y 

where (1 - —) is the fractional decrease In the amount of ozone. 

This factor times the UV flux for some given initial total amount of 

atmospheric ozone gives the total amount of UV flux for some specified 

percentage decrease in the amount of ozone. 

In Figs. 15-18 the factor increase in UV flux is plotted as a 

function of percentage decrease in total amount of ozone, with wave- 

length as a parameter, for solar zenith angles of 0°, 30°, 60°, and 

75 , respectively, 0.341 atm-cm of total ozone, and A = 10 cm"1. 

Note that the factor increase can be very great for the lower wave- 

lengths, e.g., an order of magnitude increase at \ = 297.5 nm for 

6 = 30 and 45% ozone depletion (Fig. 16). However, this effect is 
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FIGURE 15. 
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FIGURE 16.   Factor Increase in Direct Solar UV Radiation Intensity 
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for Solar Zenith Angle 6of 30° and 0.341 atm-cm of 
Total Ozon«. 
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FIGURE 17.    Factor Increase In Direct Solar UV Radiation Intensity 
versus Percentage Decrease in Total Amount of Ozone 
for Solar Zenith Angle 9 of 60° and 0.341 atm-cm of 

Total Ozone. 
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FIGURE 18.   Factor Increase In Direct Solar UV Radiation Intensity 
versus Percentage Decrease in Total Amount of Ozone 
for Solar Zenith Angle 9 of 75° and 0.341 atm-cm of 

Total Ozone. 
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alleviated by the fact that the direct solar UV radiation flux is 

less intense by a factor of 40 than at X = 307.5 nm (Fig. 9), at 

which wavelength the factor increase is approximately 2. 

From Figs. 15-18 it is apparent that the factor increase in 

direct solar UV radiation is much greater for large solar zenith 

angles and hence will be greater at the higher latitudes. Here 

again, however, this effect is counterbalanced by the greatly re- 

duced flux levels at the higher latitudes, as is illustrated by Fig. 

19. Here the noon direct irradiance at a wavelength of 297.5 nm is 

plotted versus latitude for the northern hemisphere in the spring. 

Values of ozone amount as a function of latitude were obtained from 

Fig. 1. It is seen that the effect of a 10% ozone depletion is to shift 

the present 297.5-nm noon irradiance level approximately 3 to the 

north for a 10% ozone depletion for latitude of 40 N., and approximately 

16 to the north for a 50% ozone depletion. At the equator the 

corresponding shifts are approximately 13° and 36° for 10% and 50% 

ozone depletion, respectively. The magnitude of these shifts decreases 

with increasing wavelength, and, since the predominant transmitted 

erythemal radiation lies at the higher wavelengths, the shifts for 

equal erythemal dose would be far smaller than those for X = 297.5 nm. 

Figures 15-18 are also usable to determine any possible decrease 

in direct solar UV radiation due to a percentage increase in total 

ozone by reading the abscissa as the percentage increase and the ordinate 

as the ratio of the original to final flux values. Moreover, it is 

also possible to use these figures for determining the factor increase 

F due to a change from an arbitrary amount of total orone x1 to an 

amount of total ozone x„ by comparing the factor increases relative 

to the plotted 0.341 atm-cm of ozone. Thus, if f is the factor in- 

crease for x compared to 0.341 atm-cm of ozone, and if f„ is the 

factor increase for x„ compared to 0.341 atm-cm of ozone, the factor, 

increase f.. „ for x, compared to x^ is simply given by 

1,2 " 
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FIGURE 19.   Noon Direct Irradiance at X = 297.5 nm Versus Latitude 
for Northern Hemisphere in the Spring 
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Un.ortuiiotely, Figs. 15-18 for determining the changes In direct 

solar UV radiation do not apply for scattered diffuse sky radiation. 

In Ref. 7, the calculations apply to but a single amount of ozone, 

0.541 atm-cm, and a single distribution of ozone with altitude. The 

computer program divides the atmosphere into 566 layers to obtain the 

desired accuracy. The program is available at NASA Goddard Space 

Flight Center for calculations involving diffprent ozone parameter 

values. 
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VII.  INCREASE IN ERYTHEMAL DOSE 

As an example of the biological impact that an increase in UV 

radiation could have, the increase in erythemal radiation has been 

calculated for several specific cases. If the radiation response 

spectrum for other biological organisms such as plants is known, the 

procedure described below may be similarl'/ apolied. 

Let E(X) denote the erythemal response curve, normalized to a 

value of unity at X = 297.5 nm, as shown in Fig. 14 and tabulated in 

Table 4. If H^ is the current solar UV radiation in w m"? nm-1 and 

F(X) the factor increase in intensity, the erythemal dose D is given 

by 

■I" X)HM(X) F(X) dX O) 

In Table 4 the above factors are given at 1-nm intervals for 

6 « 30°, 5W ozone depletion, and 0.341 atm-cm of ozone. The  F(X) 

function is here applied to the sum of the direct and scattered ra- 

diation, although it must be recognized that it Is strictly valid 

only for direct radiation. The mrneriral integraion results in a 

tripling of the erythemal dose for these particular parameters. It ' 

is also important to note that the peak of the erythemal dose curve 

has shifted downward from 307.5 nm (Fig. 14) to 301.5 nm (Fig. 20). 

The Integrand in Eq. 9 is plotted in Fig. 20 for 6 ■ 30° and 6 = 60°. 

In the latter case, the erythemal dose is increased by a factor of 

4Jj, but it is seer that even this increase would not bring the ery- 

themal dose up to the 0.341 atm-cm reference level for 9 = 30°. 

These two results are characteristic of doses that could be expected 

a»- noon over North America in spring at a latitude of 30° and in 

fall at a latitude of 60°. 
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A similar calculation of increased erythemal dose for a 10% 

reduction in ozone resulted in a much less alarming 23% increase 

in erythemal dose for 6 = 30°, 

TABLE 4.  FACTOR INCREASE IN ERYTHEMAL DOSE 
FOR 9 = 30° AND 50% OZONE DEPLETION, 
ASSUMING 0.341 atm-cm INITIAL OZONE 

X 

287. S 

288. S 

289.S 

290.5 

2'a.5 

292.5 

293.5 

294.5 

295.5 

296.5 

298.5 

299.5 

300.5 

J01.5 
302.5 

303.5 

304.5 

305.5 

306.5 

^07.5 

308.5 

309.5 

510.5 

'11.5 

312.5 

0.13 

0.18 

0.22 

0.33 

0.44 

0.55 

0.66 

0.77 

0.88 

0.98 

1.00 

0.98 

0.88 

0.77 

0.66 

0.55 

0.44 

0.33 

0.22 

0.18 

0.14 

0.12 

0.10 

0.08 

0.05 

0.03 

-2     -1 H..   w m    nm 

4x10 

3x10" 

3x10' 

2x10 

1.5x10' 

10" 
4x10" 

1.2x10* 
2.8x10 

6x10" 

1.2x10" 

2.5x10" 

4.5x10 

•10 

-7 

-4 

-3 

7.5x10  ■ 

0,012 
0.018 

0.026 

0.035 

0.047 

0.063 

0.080 

0.100 

0.125 

0.150 

0.170 

0.190 

Equivalent H 
at  297.5 nm AX 

0.0001 

0.0002 

0.0006 

0.0012 

0.0024 

0.0040 

0.0058 

0.0079 

0.0099 

0.0114 

0.0115 

0.0103 

0.0113 

0.0112 

0.0120 

0.0125 

0.0120 

0.0085 

0.0057 

0.1385 

F(X) 
Factor 
Increase 
ln  HAX 

4 
1.5x10 

120 

80 

50 

30 

20 

12.5 

10 

8 

6 

5 

3.6 

3 

2.8 

2.5 

2.2 

1.9 

1.8 

1.7 

1.6 

1.5 

1.4 

Equivalent H.,   at 

297.5 nm with  <J0% 

O^one Deplution 

Ü.0007 

0.0021 

0.0046 

Ü.0074 

O.OUB 

0.0150 

0.0245 

0.0517 

0.0346 

0.0396 

0.0356 

0.0343 

0.0323 

0.0258 

0.0249 

0.0213 

0.0216 

0.0212 

0.0192 

0.0128 

0.0080 

0.4290 

Factor Increase in Erythemal  Dose:     3 
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FIGURE 20.   Effect of 50% Ozone Depletion on Erythemol Dose. 
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VIII.  CONCLUSIONS 

1« While there are daily, monthly, and annual fluctuations in the 

amount of ozone which could well exceed the amount of ozone 

depleted by a fleet of 500 SSTs, a man-made depletion would be a 

unidirectional variation, resulting in a lowering of the mean 

amounts of ozone and hence increasing the amount of average 

worldwide UV radiation incident on the surface of the Earth. 

2. For solar zenith angles exceeding about 30°, direct solar UV ra- 

diation will be exceeded by scattered sky UV radiation. 

i. UV radiation on Earth is a decreasing function of latitude be- 

cause of increasing solar zenith angle and increasing amount of 

ozone. 

4. UV radiation in the biologically important spectral region de- 

creases very sharply with decreasing wavelength due to the expo- 

nential behavior of the ozone absorption coefficient in this 

region (280-320 nm). 

5, The factor increase in UV radiation resulting from a depletion 

in the amount of ozone will be greatest for the biologically 

harmful lowtr wavelengths and at the higher latitudes. Fortu- 

nately, for these conditions the intensity of UV radiation is 

very weak (Items 3 and 4). 

5. Determination of the factor increase in direct solar radiation 

due to a depletion in the amount of ozone is a mathematically 

simple problem; for scattered sky radiation it is not. However, 

a computer program is available at Goddard Space Flight Center 

which can solve this complex problem for any set of prescribed 
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conditions. Presently available data are for 0.341 atm-cm of 

ozone and a specified ozone altitude profile. 

For a solar angle of 30° and 0.341 atm-cm of ozone, the erythemal 

dose would be approximately tripled if there were to be a 50% 

depletion in the amount of ozone; for a 10% depletion there would 

be a 23% increase in erythemal dose. For the case of 50% ozone 

depletion, the peak of the erythemal dose curve is shifted down- 

ward from 307.5 nm to 301.5 nm. 
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V 

APPENDIX 

EFFECT OF INJECTION OF NOx ON OZONE CONCENTRATION 

The question of the ozone depletion that can be expected from 

a fleet of SST aircraft has no- been resoived at the present time, 

and arguments on the subject are continuing. A study by Johnston 

(Ref. A-l) postulates the ozone profiles as shown in Fig. 20, 

Panels A-D, for a fleet cf 500 SST aircraft (334 with four engines 

each and 166 with two encjines each), with each SST cruising in the 

stratosphere for 7 hours per day. In Fig. A-l, Panels E-H, a dose 

of NO ten times higher was assumed than might be expected over the 

heavily traveled region of the world. TTuiS, a 50% ozone depletion 

(Fig. A-l, Panel H) represents the worst case of highest dose and a 

uniform distribution of injected N0X over a wide altitude band be- 

tween 15 and 31 km. At the other extreme, if the altitude band 

could be compressed to 20-21 km, the results indicate that the 

reduction in the amount of ozone would be only 3%. 

A recent investigation by Foley and Ruderman (Ref. A-2) has 

shown that during certain years of high-yield nuclear testing, a 

few times 1034 nitric oxide molecules were probably injected into 

the stratosphere. This is comparable to upper estimates for NO 

generation from 500 SSTs flying for a year. It was concluded that 

the postulated large catalytic ozone reduction from such NO injec- 

tion is not supported by worldwide or local total ozone measurements, 

However, Johnston et al. (Ref. A-3) countered that on rhermodynamlr 

grounds the Foley-Ruderman estimates ot N0X production were too high 

and that their estimates of the mass of hot air produced were also 

too high. 
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FIGURE A-l.   Eff«c» of Injection of NO   on Ozone Cone« n trot ion. 
(Source:   Ref. A-2.) 
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